collected from healthy children were found to be preferentially reactive with the 60-kDa OMP. The serum-specific IgG, IgA and IgM were respectively detected via immunoblotting in 90%, 85% and 30% of heterologous human sera. This similar immunogenic effectiveness of both OMP-associated liposomal formulations could contribute to the practical use of such formulations in the future in human vaccination. Moreover, the highly cross-reactive 60-kDa OMP seems to be an important antigenic marker of M. catarrhalis, and, as it is responsible for the induction of an antibody-mediated and long-lasting immune response, studying it may partially aid us in understanding the relatively low degree of pathogenicity of the bacterium in immunocompetent individuals.
INTRODUCTION
The development of an effective vaccine against Moraxella catarrhalis infection is of particular importance, as this bacterium is a significant human respiratory tract pathogen. M. catarrhalis is the third most common etiological factor (after S. pneumoniae and non-typeable H. influenzae) of otitis media in children, accounting for 15-20% of cases [1] . It is also the major bacterial pathogen responsible for acute exacerbations in patients with chronic obstructive pulmonary disease [2] [3] [4] . Furthermore, it frequently causes sinusitis, and occasionally pneumonia and rarely endocarditis or meningitis [5] . It was reported that the number of antibiotic-resistant strains of M. catarrhalis had increased significantly over the past few decades [6] . M. catarrhalis colonization is an active process in children and adults. It is accompanied by a steady turnover of microorganisms in the nasopharynx, with the elimination of one strain followed by colonization with another [1, [7] [8] [9] . M. catarrhalis colonization is more frequent than can be determined by surface culture, because the organism resides both within and beneath the epithelium in human pharyngeal lymphoid tissue, and it invades host cells [10] . The molecular pathogenesis of M. catarrhalis infection is not currently fully understood, although there is an increasingly large body of knowledge on which antigens confer protective immunity against M. catarrhalis infection. Importantly, there is no vaccine to prevent M. catarrhalis infection [11] . Peptide-based vaccine candidates against M. catarrhalis are currently under investigation. With its lack of capsular polysaccharides and the rather weak immunogenicity of its lipooligosaccharide (LOS), the most immunogenic structures of M. catarrhalis participating in bacterial virulence and conferring protective immunity are its outer membrane proteins (OMPs) [1] . Being highly conservative and exposed on the surface of the bacterial cell, they are important targets for the host immune response. Moreover, some of them showed crossreactivity with common antigenic determinants of Neisseria meningitidis or Candida albicans, suggesting that colonization by M. catarrhalis strains could contribute to the acquisition of an effective natural immunization against meningococci or yeast-like fungi [12, 13] . Two of the major issues in the development of safe and effective vaccines derived from outer membrane antigens are the presence of toxic LOS in vaccines based on membrane vesicles, and the poor immunogenicity of the isolated and purified protein antigens. However, the immunogenic properties of such membrane antigens are very often influenced by the adjuvanticity of LOS. The strong adjuvanticity of LOS in N. meningitidis was evidenced by the greatly reduced immunogenicity of the outer membrane components or whole cells of meningococcal LOS-deficient mutants [14] . By contrast, the rather weak adjuvantic properties of LOS were observed in M. catarrhalis based on the similar bactericidal activity of antibodies elicited against both a M. catarrhalis mutant that completely lacked the LOS structure and its parental strain [10] . Additionally, although the bacterial endotoxin is an undesirable component of a potential vaccine, this cellular component, together with the phospholipids of the inner leaflet of the outer membrane, enable membrane proteins to be in the relevant lipid moiety and to maintain a native or native-like conformation [15, 16] . Purified or recombinant bacterial outer membrane proteins can be refolded to their native conformation by incorporation into micelles using a suitable detergent [17] or by incorporation into artificial liposomal membranes [18, 19] . For many years, liposomes have been used as models in vaccine studies to study lipid membranes that provide a native-like environment for membrane proteins. Another important application of liposomes is their immunoadjuvant potency, which confers an effective ability to recognize liposomal antigens on antigenpresenting cells, which in turn triggers both a humoral and cell-mediated immune response [20] [21] [22] . They have numerous merits, such as their biocompatibility, biodegradability, lack of toxicity and formulation facility, and their alteration of the pharmacokinetic and pharmacodynamic properties of encapsulated material (reduced elimination, increased circulation life time) [23] [24] [25] . This study aimed to determine the immunogenic properties of Moraxella catarrhalis OMPs incorporated into phosphatidylcholine liposomes, and to compare the cross-reactivity of the most effective anti-OMP response in the human and mouse systems in vitro.
MATERIALS AND METHODS

Materials
Soya bean L-α-phosphatidylcholine and 4-chloro-1-naphthol were obtained from Sigma-Aldrich (Germany), and Zwittergent 3-14 detergent and o-Phenylenediamine dihydrochloride tablets (OPD) were from Calbiochem (Germany). The conjugated antibodies were purchased as follows: rabbit antihuman IgG, IgA or IgM conjugated to horseraddish peroxidase (HRP) from DAKO (Denmark); and goat HRP-conjugated, isotype-specific anti-mouse immunoglobulins from Sigma-Aldrich (Germany). In some experiments, HRP-conjugated affinity pure goat anti-mouse IgG Fcγ antibodies (Jackson Immunoresearch) were used. The other reagents and suppliers were: BHI (brain/heart infusion broth; from BIOCORP); BSA (from SERVA); 96-well MaxiSorp microtiter plates (from NUNC); Immobilon P (from Sigma); and Sephadex ® G-300 (from Sigma-Aldrich).
Bacterial strains and growth conditions
The clinical isolates of Moraxella catarrhalis designated Mc1, Mc5, Mc6, Mc8 were taken from our collection. These strains had been isolated from the upper respiratory tract (oropharynx) and were obtained from Laboratory of Bacteriology of the Silesian Centre of Pediatrics in Wrocław, Poland. The final identification was made using a standardized commercial identification system API-NH (bioMerieux, France). The bacteria were cultured on Blood Agar (OXOID) containing 5% sterile sheep blood, or grown in brain/heart infusion broth (BHI) at 37ºC with 5% CO 2 . The strains were stored in BHI containing 16% glycerol at -70ºC.
Isolation of Moraxella catarrhalis outer membrane proteins (OMPs)
Moraxella catarrhalis was routinely cultured at 37ºC BHI until it reached its stationary phase. The outer membrane proteins of M. catarrhalis were obtained using the zwitterionic detergent Zwittergent 3-14 according to a slightly modified version of the method described in [24] . Briefly, the harvested bacteria from 200 ml of culture were suspended in 5 ml of 1M sodium acetate buffer containing 1 mM β-mercaptoethanol, pH 4.0). To this suspension, a 45-ml volume of a solution of 0.5 M CaCl 2 containing 5% Zwittergent was added and stirred for 1 h at room temperature. The nucleic acids were precipitated by adding 12.5 ml of cold absolute ethanol and subsequently centrifuging the solution (17,000 × g, 10 min., 4ºC). The pellet was discarded and the proteins remaining in the supernatant were precipitated by adding 187 ml of cold ethanol, and collected by centrifugation (17,000 × g, 20 min., 4ºC). The pellet was air dried and then resuspended in 10 ml of Z buffer (0.05% Zwittergent, 50 mM Tris, 10 mM EDTA; pH 8.0). This mixture was stirred for 1 h at room temperature and centrifuged at 12,000 × g for 10 min. at 4ºC, and the soluble fraction containing OMPs was retained. The OMPs were divided into aliquots and stored at -70ºC. The OMP concentration was determined using Bradford reagent (Sigma) or the BCA protein assay kit (Pierce). The appropriate protein profile was confirmed after SDS-PAGE and gel staining with Coomassie (GelCode blue stain reagent; Pierce). Thus-prepared OMPs in Z buffer at an initial protein concentration of 0.5 mg/ml were used in formulations with liposomes.
Preparation of the OMP-associated liposomes
In this study, we used one Zwittergent-based micelle preparation of OMPs (OMPs-Z) and two types of OMP-associated liposome formulations, with proteins associated with the preformed lipid vesicles (PC-OMPs) or incorporated into the lipid bilayer during the vesiculation process (OMPs-PC). The liposomes were prepared as follows. Initially, L-α-phosphatidylcholine was dissolved in chloroform in a round-bottomed flask. After the evaporation of the organic solvent under a vacuum, a thin film of dry lipids (with 50 mg of total lipids) was hydrated by adding 1 ml of PBS buffer (10 mM phosphate buffer containing 0.9% (w/v) NaCl; pH 7.4). During hydration, the liposomal suspension was vigorously vortexed at 20ºC (the temperature above the phase transition of PC).
To prepare the OMP-associated liposomes, a standard reconstitution at a lipidto-protein ratio of 100 (w/w) was performed. To obtain PC-OMPs, OMPs were added to preformed liposomes, and to obtain OMPs-PC, OMPs were simultaneously mixed with lipids. Proteoliposomes were prepared by vigorous agitation for 30 min at 37ºC. To obtain size-reduced and uniform proteoliposomes, the mixtures of OMPs-PC and PC-OMPs were extruded in a nine-time passage through polycarbonate filters with 400-nm pores (Nucleopore, Whatman) using a liposome minicalibrator (MARKER, Poland). To remove non-associated proteins from the OMP-coupled liposomal solution, the standard gel filtration method was used. The liposomal solution was applied directly on top of a Sephadex ® G-300 gel filtration column (1 x 27 cm, Sephadex ® G-300 medium) and eluted with PBS buffer containing 0.02% sodium azide at a flow rate of about 0.8 ml/min, at 4ºC. The opalescent liposome fractions containing OMPs were collected, centrifuged (100,000 g, 1.5 h, 4ºC) and resuspended in PBS at a protein concentration of 5 mg/ml. All of the OMPs-liposome preparations were stored in aliquots at -20ºC until used. To determine which OMPs were associated with liposomes, standard 12% SDS-PAGE electrophoresis was performed. For immunization, we used the proteoliposomes in PBS buffer and the OMPs-Z in Z buffer at final protein concentrations of 100 µg/ml.
AFM measurements
Dr Barwiński (Institute of Experimental Physics, University of Wroclaw, Poland) performed the visualization of the liposomes and reconstituted liposome-protein complexes using an atomic force microscope (NanoScope E, Digital Instruments, USA). All the AFM observations were obtained with the contact mode using a V-shaped cantilever which was 200 μm long and had a spring constant of 0.15 N/m. Glass plates, previously washed with a detergent solution, rinsed with distilled water and air dried were used as a solid support for the visualized object. Drops of the sample were placed on the surface of the glass plate and incubated for 30 min at 4ºC before image recording. During visualization, the cantilever was immersed in the water solution of the sample drop. The Scaning Probe Microscopic Software (WSxM, Nanotec Electronica, Spain) was used for image processing.
Immunization of animals 8-to 10-week old female BALB/c mice were used for the immunization under a protocol approved by the Institutional Animal Care and Use Committee (Wroclaw, No. 58/04). Mice of approximately equal weight were divided into groups of 5 to 7 animals and immunized intraperitoneally with the relevant antigen in a 0.1 ml dose per animal, three times, at two-week intervals (on days 0, 14 and 28). In the studies of OMP formulations, the immunizing antigens were: a) OMPs-PC reconstituted in PBS buffer; b) PC-OMPs reconstituted in PBS buffer; c) OMPs in Z buffer; and d) as a control, PC in PBS buffer. The OMPs in the liposomal formulations were from strain Mc1 at a concentration of 100 µg/ml (10 µg/dose). In the studies of cross-reactivity, the immunizing antigens were OMPs-Z (10 µg/dose) or heat-inactivated bacteria (5 x 10 7 cfu/dose) of strains: Mc1, Mc5, Mc6 and Mc8. The immunization schedule was identical to that above. In the two weeks after the last immunization, the mice were terminally bled through their retro-orbital sinus. The individual mouse sera were divided into aliquots, and a part of them in each group were pooled, divided and stored at -70ºC until required.
Collection of human sera
Blood samples were obtained from 20 healthy children aged 10 to 15 years. The sera were collected, divided into aliquots and stored at -70ºC until required. Two convalescent sera from children with otitis media caused by M. catarrhalis (confirmed by positive growth of M. catarrhalis ear exudates) were provided by Dr. Basiewicz-Worsztynowicz (Department and Clinics of Pediatrics, Immunology and Rheumatology of Developmental Age, Medical University, Wrocław, Poland). All the relevant ethical concerns (permission for the studies from the Bioethical Committee of the Medical University of Wrocław; No. 139/2000) were respected for this study, and agreement was obtained from the parents of the children enrolled.
SDS-PAGE and electrotransfer
Protein samples (20 μg per lane) were subjected to SDS-polyacrylamide gel electrophoresis in 12% separating gels. Fermentas SDS-PAGE molecular weight (MW) standards (10-170 kDa) were used. The separated proteins were electrotransferred to nitrocellulose-Immobilon P (Sigma) via semidry blotting at 150 mA for 2 h with a blotting buffer (0.025 M Tris, 0.192 M glycine and 20% methanol; pH 8.4). The transfer efficiency was checked using Ponceau S stain (Sigma).
Detection of the immune response
Immunoblotting. To detect human-specific antibodies, nitrocellulose strips with bounded OMPs were blocked overnight in PBS (pH 7.4) containing 1% BSA. The strips were then incubated with 4 ml of different normal human sera, diluted 1:100 (for IgG) or 1:50 (for IgA, IgM) with TPBS (0.05% Tween 20 in PBS) containing 1% BSA, for 1 h at 37ºC and for 0.5 h at room temperature with gentle shaking. The strips were rinsed four times in TPBS and incubated similarly at 37ºC with HRP-conjugated rabbit anti-human IgG, IgA or IgM antibodies (DAKO) diluted 1:1,000 (for IgG) or 1:500 (for IgA and IgM) in TPBS containing 1% BSA. After four final washes in TPBS, the strips were added to a solution of freshly prepared color-producing substrate (20 mg 4-chloro-1-naphtol (Sigma), 4 ml methanol, 16 ml PBS, 20 μl 30% H 2 O 2 ) for 30 min. To detect mouse antibodies, post-immunized pooled antisera produced by immunization with liposomal formulation were appropriately diluted with TPBS-BSA. Next, the strips were rinsed with TPBS and incubated with HRPconjugated goat anti-mouse IgG, IgA or IgM antibodies (Sigma) respectively diluted 1:5,000, 1:1,000 and 1:1,000. In the cross-reaction experiments, strips with OMPs were incubated with homologous or heterologous pooled mouse antisera produced by immunization either with whole bacteria or isolated OMPs that were respectively diluted 1:100 and 1:1,000. HRP-conjugated affinity pure goat anti-mouse IgG Fcγ antibodies (Jackson Immunoresearch) were diluted 1:4,000. The remaining steps of the immunoblotting were the same as those above.
ELISA. Flat-bottom 96-well MaxiSorp microtiter plates (NUNC) were coated for 2 h at 37ºC and overnight at 4ºC with 100 µl per well of 3 µg/ml OMPs in 0.05 M carbonate/bicarbonate buffer (pH 9.6). The unoccupied sites on the plate were blocked with 300 µl of 1% BSA in PBS (pH 7.4) for 2 h at 37ºC and then incubated again for 2 h at 37ºC with two-fold serial dilutions of the mouse antisera in TPBS (PBS with 0.05% Tween 20) buffer containing 1% BSA (100 µl per well). After washing with TPBS, the antigen-antibody reaction was assessed using HRP-conjugated, isotype-specific anti-mouse immunoglobulins (Sigma) diluted 1:50,000 for IgG, 1:10,000 for IgA, and 1:5,000 for IgM. At that step, the plate was incubated for 2 h at 37ºC. After washing, 100 µl of substrate solution containing 5 mg OPD and 20 µl H 2 O 2 in 10 ml citric buffer (pH 4.9) was added to each well, and the plate was incubated for 20 min at room temperature in the dark. The enzymatic reaction was stopped with 50 µl 1 M H 2 SO 4 . The optical density was read at 490 nm with a Dynatech 5000 photometric reader. The antibody endpoint titer was defined as the reciprocal value of the highest antiserum dilution giving an absorbance of 0.1 extrapolated from a linear portion of the serum titration curve. The results are presented as the geometric mean titre.
Statistical analysis
Analysis of variance and one-way ANOVA tests were used to check the differences between data sets. The normal distributions of the variables were determined with Shapiro-Wilk's test. Differences were considered significant at P ≤ 0.05. Statistical analyses were performed using StatSoft software (STATISTICA 8).
RESULTS
OMP patterns
procedure based on the previously described method, with final OMP preparations free from other cellular contaminations [26] . The OMP patterns of the M. catarrhalis strains obtained by SDS-PAGE and stained with coomassie revealed several major bands with molecular masses of approximately 90, 84, 60, 50, 43, 39, 28, 27, 25 and 17 kDa; they were all described previously [26] . A proteinogram of the isolated OMPs is presented in Fig. 1 . 
Characterization of OMP-liposome formulations
In this study, we used one Zwittergent-based micelle preparation of OMPs (OMPs-Z) and two PC liposome-associated OMP formulations involving the association of the proteins with preformed lipid vesicles (PC-OMPs) or the incorporation of the proteins into the lipid bilayer during the vesiculation process (OMPs-PC). The two liposomal formulations were used to verify if their content and structure, and thus the immunogenic properties of obtained proteoliposome complexes, markedly depend on the formation procedure. The initially prepared proteoliposomes were next calibrated to obtain a more homogeneous system of vesicles using an extrusion procedure. An atomic force microscopy analysis of the proteoliposomes showed that the vesicles had different shapes, from oblong to spherical, and that most of them had a tendency towards aggregation. Those features of proteoliposomes could not be used to differentiate OMPs-PC from PC-OMPs (data not shown). This data also indicated that incorporating OMPs into the studied liposomes did not significantly affect the average diameter of the latter (Tab. 1). The association of OMPs with liposomes was confirmed via SDS-PAGE. This showed that within the initial panel of OMPs, incorporation was effective only for proteins with molecular masses of approximately 60 and 66 kDa. No differences were detected between OMPs-PC and PC-OMPs in terms of the contents of 60 and 66-kDa proteins (Fig. 2) as determined by densitometric analysis. 
The mouse antibody response to OMP-liposome and OMPs-Z formulations
To verify the properties of the OMPs in their native conformations, the OMPs incorporated into an artificial membrane-like environment (OMPs-PC; PC-OMPs) or comparatively into micelles by solubilization with the zwitterionic detergent Zwittergent 3.14 (OMPs-Z) were used in mouse immunization. Groups of 5 to 7 mice were immunized intraperitoneally with three doses each of one of the OMP preparations at 10 µg/per dose.
The adjuvanticity and immunogenicity of the above preparations were evaluated by detecting the reactivity of the post-immunized mouse antisera with the purified OMPs from the homologous strain in ELISA and Western blotting. We included the non-immunized sera and sera after immunization with PC (empty) liposomes as a negative control. The specific IgG, IgA and IgM antibodies were determined with anti-mouse immunoglobulin isotype-specific conjugates. All the tested antisera from mice immunized with OMPs-PC, PCOMPs and OMPs-Z preparations reacted against homologous OMPs. The liposomal formulations (OMPs-PC and PC-OMPs) and the micelle preparation (OMPs-Z) induced similar high titers of anti-OMPs IgG antibodies (Tab. 2). The OMPs-PC and PC-OMPs produced IgG titers that were respectively only 20% and 7% higher than the titer elicited by OMPs-Z. Thus, there were only marginal differences in the IgG anti-OMPs response between the two liposome-OMPcoupled formulations and OMPs-Z. Non-immunized serum < 100 < 100 < 100 *BALBc mice were immunized intraperitoneally with 100 μl of each of the OMP preparations, each containing 10 μg of OMPs. Non-immunized and post-immunized pooled antisera were tested against OMPs from the homologous Moraxella catarrhalis strain using the ELISA method. The data is presented as the geometric mean titers from groups of 5 to 7 mice. #There was no statistically significant difference when compared to OMPs-PC and PC-OMPs.
The IgA systemic antibody responses that were raised against OMPs following OMPs-PC, PC-OMPs and OMP-Z immunization were very weak. In terms of anti-OMP IgA in the post-immunized antisera, a 14-fold increase for OMPs-Z, a 2-fold increase for OMPs-PC and a 4-fold increase for PC-OMPs were observed in the titer, as compared to the response of PC-immunized and nonimmunized mice. Interestingly, immunization with the OMPs-Z preparation induced a 7-fold and 3.5-fold higher IgA anti-OMPs response than that from OMPs-PC and PC-OMPs, respectively. The reactivity of the post-immunization mouse sera with OMPs of M. catarrhalis was also evaluated in immunoblot assays. Two groups of pooled mouse antisera were tested in two independent experiments. Fig. 3 shows the results of two classic immunoblots with purified OMPs illustrating the dominating reactivity of IgG with the ∼60-kDa protein, independently of the antigen formulation that was used for immunization. An assessment of specific anti-OMPs IgA revealed a similar pattern of immunoreactivity for OMPs-Z and PC-OMPs. The serum IgA antibodies predominantly recognized the 60-kDa OMP. Immunization with OMPs-PC yielded no immunoreactivity between the OMPs and mouse antisera (data not shown). Only weak reactivity was seen between this protein and the IgM antibodies (data not shown). Fig. 3 also shows the presence of antibodies to other minor unindentified protein bands.
An analysis of the cross-reactive mouse antibodies to the OMPs of Moraxella catarrhalis
To determine the cross-reactive antibodies against the 60-kDa OMP, an immunoblotting procedure was performed. We used homologous and heterologous bacterial OMPs to probe pooled mouse antisera from animals from each group that had been immunized with various OMPs-Z preparations or with whole bacteria from 4 different strains: Mc1, Mc5, Mc6 and Mc8. HRP-conjugated goat antibodies specific against mouse IgG (1:5,000) were used in the immunodetection. The predominating immunoreactivity of the ∼60-kDa protein is indicated.
As presented in Tab. 3, all the tested post-immunized sera reacted strongly with the 60-kDa OMP from the heterologous M. catarrhalis strains. Interestingly, that 60-kDa protein formed the only prominent immunoreactive band following incubation with most of the anti-Mc antisera. In reaction with the anti-OMPs antisera, it also formed the most prominent, but not the only band with specific antibodies. The ability of the mouse antisera produced by immunization either with whole M. catarrhalis or purified OMPs to bind to the 60-kDa protein of another strain in the blot confirmed the very strong serologic stability and antigenic conservation of the ∼60-kDa OMP. In the immunobloting procedures, antisera from mice immunized with bacterial OMPs at 10 μg/dose (antiOMPMc sera) were diluted 1:1000, whereas antisera from mice immunized with the whole bacteria at 5 x 10 7 cfu/dose (anti-Mc sera) were diluted 1:100. The control serum was from the non-immunized group. +++: strong reactivity; ++: medium-level reactivity; +: weak reactivity; -: no reactivity
An analysis of cross-reactive human antibodies to the OMPs of Moraxella catarrhalis
The human antibody response against OMPs was assessed using the immunoblot procedure. To evaluate the antigenic properties of the 60-kDa OMP in the human system, the OMPs previously separated with SDS-PAGE were incubated with a panel of 100-fold diluted heterologous normal human sera obtained from 20 healthy children. Simultaneously, the reactivities of homologous serum and two additional heterologous sera from children that had just recovered from otitis media caused by M. catarrhalis were evaluated. The typical immunoreactivities of the anti-OMPs IgG, IgA and IgM are presented in Fig. 4 and Tab. 4. Fig. 4 . Representative immunoblots of OMPs from the M. catarrhalis strain Mc1 incubated with various sera from children (1:100 dilution). Lane 1, homologous serum from a child (NHS H ); lane 2, heterologous serum from a child with otitis media (NHS C1 ) whose otitis exudate yielded M. catarrhalis in culture; lanes 3-6, heterologous sera from children. The sera were tested for the presence of IgG (A) and IgA (B), both of which showed high reactivity, and IgM (C), which showed weak reactivity of the antibodies specific for OMPs. The dominant immunoreactivity of ∼60 kDa OMP is indicated.
Tab. 4. Reactivity of normal human serum (NHS) with a 60-kDa OMP assessed via immunoblotting. : sera from convalescent children who had recently recovered from M. catarrhalis otitis media. All the sera were diluted 1:100 before the immunoblotting procedures. +++: strong reactivity; ++: medium level reactivity; +: weak reactivity; -: no reactivity
All three tested izotypes mainly recognized the 60-kDa OMP. However, with respect to IgG, the presence of antibodies against other protein bands was observed. The IgG antibodies directed against the 60-kDa OMP were detected in 90% (18/20) of the children's sera. Similarly, the IgA anti-60-kDa OMP were detected in 85% (17/20) of the children's sera. Most of the sera demonstrated strong reactivities of formed immune complexes. Immunoreactivity between the 60-kDa OMP and IgM was very weak. Only 30% (6/20) of the sera reacted, and it was a weak positive. It has been noted that the 60-kDa OMP of M. catarrhalis was the only antigen reacting with the IgA and IgM antibodies. In experiments in which immunoblots were incubated with unadsorbed serum and serum that had been previously adsorbed with M. catarrhalis, the corresponding band was only observed when the unadsorbed sera were used, confirming that specific IgG or IgA antibodies reacted with /the epitope of the 60-kDa antigen that was expressed on the surface of the intact bacterium (data not shown).
The recognition of the 60-kDa OMP by IgG, IgA and, to a much lesser extent, IgM antibodies from heterologous sera from healthy children confirmed the high degree of serological stability against that protein in the human system.
DISCUSSION
The purpose of this study was to determine the effectiveness of PC liposomes in potentiating a systemic immune response to Moraxella catarrhalis outer membrane proteins. The additional aim was to compare the cross-reactivity of the most effective anti-OMP response in the human and mouse systems in vitro.
The bacterial outer membrane proteins of M. catarrhalis are able to induce an effective immune response in humans [1] . However, it has been well established that OMPs in general possess strong immunogenic properties only when they have a native or native-like conformation [27] . To obtain this, the first step of our study relied on the association of the solubilized OMPs with neutral PC liposomes or with micelles composed of the zwitterionic detergent Zwittergent 3.14. As the reconstitution of the protein into the lipid bilayer occurs via two possible mechanisms, either insertion of the protein into the preformed lipid vesicles or incorporation of the protein into the lipid bilayer during the vesiculation process [28] , we used the two procedures in our study. SDS-PAGE electrophoresis of OMPs-PC and PC-OMPs complexes showed an identical pattern of separated protein bands which referred to ∼60 and 66 kDa (Fig. 2) . This result suggests that the identified OMPs may possess a higher affinity leading to stronger interactions with lipids in comparison with other OMPs. Thus, they can be more easily and selectively conjugated to the PC lipid bilayer in way that is independent of the used formation procedure. The reasons for such an unequal association of proteins with liposomes are not known. An explanation may come from the physicochemical properties of phospholipid vesicles, such as lipid content, size and charge, or from the fact that incorporated proteins are the most prominent bands in the purified outer membranes of M. catarrhalis [29] . Moreover, we did not find any considerable differences in the sizes of the studied proteoliposomes based on AFM picture analyses (Tab. 1). Thus, we can speculate on the existence of the same type of structure in both proteoliposome complexes. To determine comparatively the immunogenicity of the free antigens, a zwitterionic preparation of M. catarrhalis OMPs was used. Zwittergent 3.14 is relatively mild, non-denaturing detergent with a relatively high critical micellar concentration. Additionally, it was reported that including zwitterionic detergent during protein solubilization and purification can restore the antibody-binding capacity of membrane proteins [30] . A good example can be the fully denaturated class 1 meningococcal outer membrane protein that, in the presence of the zwitterionic detergent 3.14, without added lipids, recovered a native-like conformation and elicited antibody reactivity with epitopes presented on the surface of meningococci [31] . We tested liposomal vesicles of relatively small diameter because of their documented advantages such as longest half-life, prolonged circulation lifetime and highest safety for humans [23] . We did not use any additional adjuvants in our formulations such as aluminium hydroxide (Alum) or Freund's complete adjuvant because there have been reports of their influence on the augmentation of the non-specific immune response to antigens or on the balance between antibody-mediated and cellmediated immunity [32, 33] . Next, we performed immunization experiments to investigate the immunogenic activity of the prepared OMP formulations in the mouse system. The efficiency of the reconstituted proteoliposomes (OMPs-PC, PC-OMPs) and proteomicelles (OMPs-Z) was analyzed by measuring their antigenic properties using enzymecoupled methods such as ELISA and Western Blot. The studied OMP formulations exhibited a comparable and high degree of immunogenicity as determined by the high IgG antibody ELISA titers in mouse antisera (Tab. 2). Both liposomal formulations, OMPs-PC and PC-OMPs, showed quantitatively similar immunogenic properties in the induction of an anti-OMPs IgG response, indicating that the way of OMP reconstitution in PC liposomes did not determine their adjuvantic properties under our conditions. Moreover, this indicates that just the presence of the lipid (PC) is crucial for maintaining the appropriate conformational state of the studied proteins. Additionally, the immune activity of the OMP-liposome formulations was also similar to that of the OMPs-Z proteomicelles, suggesting that to maintain an active immunogenic structure, the studied proteins do not need the lipid bilayer but only amphiphilic neutral compounds rich in hydrophobic groups. Both the liposomal formulations and OMPs-Z proteomicelles did not show any distinct quality differences in the antibody pattern of mouse antisera in Western blot analysis. It was demonstrated that immunological complexes were formed preferentially between serum IgG or IgA and the 60-kDa OMP (Fig. 3) . The lack of a potentiating effect of the studied liposomal formulations in comparison with free antigens on the systemic immune response following immunization was not surprising based on previous studies [34] [35] [36] . Therefore, our findings as well as those of others demonstrate that the adjuvantic properties of liposomes strictly depend on their lipid composition and may be leveled in the presence of neutral phospholipids such as phosphatidylocholine.
Because the immunogenic differences between the two liposome-OMP-coupled formulations and OMPs-Z in homologous serum systems were not significant, we decided to evaluate the reactivity of free OMPs with heterologous sera from mice and healthy humans, to compare the cross-reactivity of the most effective anti-OMPs response. It was found that the ∼60-kDa antigen that was selectively incorporated into the liposomal formulation was preferentially involved in crossreactions with specific antibodies. Its reactivity was detected both with a panel of pooled post-immunized heterologous mouse sera (Tab. 3) and with 20 heterologous sera derived from immunocompetent healthy children (Tab. 4, Fig. 4 ).
We also confirmed that adult sera and the sera from children suffering from recurrent respiratory tract infections interacted primarily with the 60-kDa OMP (data not shown). The highly cross-reactive 60-kDa OMP seems to be an important antigenic marker of M. catarrhalis responsible for the induction of an antibody-mediated and long-lasting immune response. This might have its implications in term of protective activity against different strains of M. catarrhalis. An analogous 38-kDa protein marker for the Enterobacteriaceae family was recently reported on [37] . The next stage of our investigations aims to assess the functional activity of such heterologous antibodies using a complement-dependent bactericidal assay and an opsonophagocytic assay, and blocking of bacterial adherence to mucosal surfaces. The cross-reactivities of other M. catarrhalis OMPs, especially the ∼77-and ∼32-kDa antigens, have been reported [12] . The results indicating a strong normal human serum reactivity to ∼60-kDa OMP are consistent with data reporting that, following natural colonization or infection, specific antibodies develop to a common antigen with an apparent molecular mass of ∼60 kDa, designated as OMP CD [38] [39] [40] . It has been documented that the OMP CD of Moraxella catarrhalis is: 1) highly conserved among strains of M. catarrhalis of diverse clinical, geographic and epidemiological origins [41, 42] ; 2) abundantly expressed on the bacterial surface [43] ; 3) the target for IgG antibodies from human convalescent sera exhibiting bactericidal activity [44] ; 4) an important antigen eliciting a mucosal IgA immune response in children with respiratory infections [45] as well as in healthy adults [46] ; 5) an adhesin for the human lung cell [47] ; 6) responsible for the enhancement of pulmonary clearance of M. catarrhalis in a mouse challenge model [48] ; 7) a safe and effective carrier for M. catarrhalis detoxified LOS-based conjugates [49] . This study has extended these observations by showing that: i) the 60-kDa OMP is most effectively incorporated into liposomal formulations composed of phosphatidylcholine; and ii) the 60-kDa OMP induces the dominant systemic cross-reactivity both in the human and mouse systems. The similar immune properties of OMPs associated with both liposomal formulations in comparison to zwittergent-based proteomicelles indicate that to maintain immunogenic properties in vitro, the studied proteins do not need the lipid bilayer but only the presence of amphiphilic neutral compounds rich in hydrophobic groups. This 60-kDa protein seems to be an important cross-reactive antigenic marker of Moraxella catarrhalis that may partially bring us to an understanding of the relatively low degree of pathogenicity of this bacterium in immunocompetent individuals. Such an effect may be the result of naturally acquired immunity following repeated exposure to different strains of M. catarrhalis. Its selective association with PC lipids in liposomal formulations could be important in the future for human vaccine application. However, whether the studied proteoliposomes can induce protection against infection is not yet known. An evaluation of the protective potency of the elicited immune response using a relevant animal challenge model is needed.
